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Since its introduction by Berry in 1984, the geometric phase has become of fundamental importance in
physics, with applications ranging from solid-state physics to optics. In optics, the Pancharatnam-Berry
phase allows the tailoring of optical beams by a local control of their polarization. Here, we discuss light
propagation in the presence of an intensity-dependent local modulation of the Pancharatnam-Berry phase.
The corresponding self-modulation of the wave front counteracts the natural spreading due to diffraction;
i.e., self-focusing takes place. No refractive index variation is associated with the self-focusing: The
confinement is uniquely due to a nonlinear spin-orbit interaction. The phenomenon is investigated, both
theoretically and experimentally, by considering the reorientational nonlinearity in liquid crystals, where
light is able to rotate the local optical axis through an intensity-dependent optical torque. Our discoveries
pave the way to the investigation of a new family of nonlinear waves featuring a strong interaction between
the spin and the orbital degrees of freedom.
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I. INTRODUCTION
The geometric phase is of primary importance in modern
physics [1–8]. It arises when a classical or quantum system
encompasses a variation of its parameters [9,10], such as
a magnetic dipole moving in a rotating magnetic field
[11,12]. Although initially introduced by Berry in the case
of cyclic and adiabatic transformation [11], the geometric
phase was soon generalized to parameter variations of any
kind [12,13]. In optics, the geometric phase was independ-
ently discovered by Pancharatnam in 1956 [14] while
studying light polarization. Indeed, Pancharatnam found
that photons acquire a phase during polarization evolution;
this phase depends on the area subtended by the path on the
Poincare´ sphere. This phase, dubbed the Pancharatnam-
Berry phase (PBP), is responsible for a new set of optical
phenomena, collectively called spin-orbit photonics
[15,16]. The PBP, experimentally demonstrated in 1988
in a laser interferometer [17], is not the only phenomenon
in classical optics related to the geometric phase: The
rotation of the beam polarization caused by a three-
dimensional deflection of the wave vector has been
demonstrated in a coiled optical fiber, the latter effect
being closely related to the geometric phase concept
introduced by Berry [18]. The specific type of phase
responsible for this effect is currently called the Rytov-
Vladimirskii-Berry phase, and it is strictly related to the
spin Hall effect of light in inhomogeneous isotropic
materials [16,19]. Other optical effects related to the
Berry phase include the Gouy phase [20] and the rotation
of images [21].
The action of the PBP manifests clearly when a circu-
larly polarized (CP) beam goes through a half-wave plate:
At the output, the helicity is inverted, and a phase, equal
to twice the rotation angle of the wave plate, is added to
the field. This property has been exploited to design and
realize a whole new generation of planar and ultracompact
spatial light modulators [22–27]. The influence of the
Pancharatnam-Berry phase on light propagation in bulk
material has recently been investigated [28,29]. It has been
demonstrated that a transverse modulation of the geometric
phase yields light confinement, despite the absence of any
gradient in the refractive index.
On the other hand, the Kerr effect represents one of the
cornerstones in nonlinear optics. The Kerr effect consists
of a variation in the refractive index n proportional to the
beam intensity I. In the spatial domain, a positive
Kerr effect (i.e., the higher the intensity, the higher the
refractive index) induces self-focusing [30]. For ð2þ 1ÞD
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propagation geometries, a pure Kerr effect leads to fila-
mentation and beam collapse [31]. The collapse can be
arrested by using nonlocal materials (the nonlinear
perturbation expands beyond the illuminated region) or
saturable nonlinearities [32–36]. In such cases, a self-
trapped beam preserving its shape in propagation—
usually called a spatial soliton or solitary wave—can
be generated [35]. Regardless of the specific type of
nonlinearity, light self-trapping implies a point-dependent
change in the refractive index of the material, that is,
the formation of light-written waveguides [31,36–42].
Solitons in second-order nonlinear materials, substan-
tially based upon an inhomogeneous generation of
second harmonics, are a notable exception to this general
rule [43]. Because of their huge nonlinearity and large
degree of nonlocality, in the last few decades light self-
trapping has been investigated thoroughly in nematic liquid
crystals (NLCs) [36,44–46]. Essentially, liquid crystals are
anisotropic fluids, encompassing properties at an inter-
mediate stage between liquids and solids [47]. In the
nematic phase, liquid crystals behave like inhomogeneous
uniaxial crystals. The optical axis is parallel at each point to
a molecular field, called director nˆ [48]. Consequently,
optical waves perceive a refractive index nk or n⊥ depend-
ing on whether electric fields are parallel or normal to the
optical axis, respectively.
In this article, we show self-focusing and generation of
self-trapped beams based upon a transverse gradient of
PBP. We show that the light-induced modulation of the
photon polarization (i.e., the spin) affects the field phase,
thus changing the local wave vector and, in turn, the beam
propagation (i.e., the orbital degree of freedom). Stated
otherwise, the observed self-trapping originates from a
nonlinear spin-orbit interaction [16]. As nonlinear mecha-
nism, we consider reorientational nonlinearity in NLC, the
latter consisting of a rotation of the optical axis proportional
to the local optical field [36,48]. When the optically
induced rotation is coplanar with the wave vector, the
extraordinarily polarized beam perceives a self-written
change in the refractive index, with no exchange of energy
with the ordinary one; this effect has been used to observe
self-focusing and self-collimation based upon the dynamic
phase in nematic liquid crystals [36,44]. Here, by using a
circular polarization capable of exciting both the ordinary
and the extraordinary component, we induce a rotation on
the plane normal to the wave vector, the latter inducing a
power exchange between the ordinary and the extraordi-
nary component. We demonstrate how light is capable of
modulating the optical axis on its own, both in the trans-
verse plane and along the propagation direction, leading to
the formation of longitudinally periodic structures with a
period Λ ¼ λ=Δn, where we define the wavelength λ and
the birefringence Δn ¼ nk − n⊥. In turn, such structures
can guide light in spite of the absence of gradient in the
refractive index [28], the latter corresponding to the
dynamic phase of the system [11]. Briefly, the strongly
coupled light-matter system undergoes a self-adapting
process, finally yielding a stable self-trapped propagation
over several Rayleigh lengths.
II. QUALITATIVE PICTURE OF THE
SELF-TRAPPING EFFECT
The basic mechanism is sketched in Fig. 1. We consider
a homogeneous distribution of NLC with the director
aligned along the y axis [Fig. 1(a)], illuminated by a CP
Gaussian beam propagating along the z direction. We
define θ as the angle formed by the director with the y
axis. In the linear regime (i.e., low input powers P), the
optical torque acting on the molecules is negligibly
small: The beam diffracts inside the sample, with the
polarization evolving periodically with period Λ as in a
standard wave plate. Thus, in z ¼ Λ=2, the beam will be CP
but with opposite helicity with respect to z ¼ 0, whereas it
will be linearly polarized along the diagonal and antidiag-
onal directions (i.e., forming an angle θ  45° with the axis
x) in z ¼ Λ=4 and z ¼ 3Λ=4. When the input power is
increased, molecules undergo an inhomogeneous rotation;
i.e., the angle θ now depends on both the transverse
and longitudinal coordinates, respectively [Fig. 1(b)].
Specifically, the rotation θ will be vanishing when light
is CP (i.e., in z ¼ 0 and z ¼ Λ=2), whereas it will reach a
maximum (minimum) when z ¼ Λ=4 (z ¼ 3Λ=4), the
latter corresponding to the longitudinal positions where
the polarization is linear along the diagonal (antidiagonal)
direction. The amplitude of the longitudinal modulation of
the optical axis varies across the beam cross section owing to
the inhomogeneous optical torque. Eventually, this corre-
sponds to a transversely dependent phase modulation due to
the net accumulation of PBP [28], in our case leading to the
formation of a self-written waveguide. As discussed in
Ref. [28] for the linear case, the guiding effect is polarization
dependent and the quasimodes of thesewaveguides undergo
a periodic change of their polarization along z. Figure 1(c)
illustrates the corresponding periodic variation in the
Stokes parameter S3¼s3I¼−ðn¯=Z0ÞImðExEyÞ, where I ¼
½n¯=ð2Z0ÞðjExj2 þ jEyj2Þ (I is also called the Stokes param-
eter S0) is the field intensity and n¯ ¼ ½ðn⊥ þ nkÞ=2 is the
average refractive index. To provide a full description of
the light polarization, we also introduce the other two nor-
malized Stokes parameters, s1¼½n¯=ð2Z0ÞðjExj2−jEyj2Þ=I
and s2 ¼ ðn¯=Z0ÞReðExEyÞ=I.
III. THEORETICAL RESULTS
A. Ruling equations
Let us now reformulate the previous qualitative picture
in a more formal way. Writing Maxwell’s equations in
the stationary regime (electromagnetic field ∝ e−iωt)
in terms of CP waves, the latter being defined as EL ¼
ðEx − iEyÞ=
ﬃﬃﬃ
2
p
(left circular polarization, LCP) and
JISHA, ALBERUCCI, BEECKMAN, and NOLTE PHYS. REV. X 9, 021051 (2019)
021051-2
ER ¼ ðEx þ iEyÞ=
ﬃﬃﬃ
2
p
(right circular polarization, RCP),
light propagation for purely transverse fields obeys
∇2
k20
þ ϵ¯I

EL
ER

þ ϵa
2

0 e2iθ
e−2iθ 0

EL
ER

¼ 0; ð1Þ
where we defined ϵ¯ ¼ ½ðϵ⊥ þ ϵkÞ=2, ϵa ¼ ϵk − ϵ⊥ is the
optical anisotropy, and k0 is the vacuum wave number.
Equation (1) shows how the light propagation in the
paraxial regime is analogous to a massive particle of
unitary magnetic moment interacting with a θ-dependent
effective magnetic field Beff ¼ ϵa½cosð2θÞxˆ − sinð2θÞyˆ
through the coupling energy σ · Beff [49], where σi are
the three Pauli matrices. Accordingly, the last term in
Eq. (1) accounts for the spin-orbit interaction related to the
anisotropic nature of the material. The spin-orbit interaction
is spatially varying through the dependence from the
rotation angle θ [1], yielding an inhomogeneous distribu-
tion of the geometric phase [11]. If θ is periodically rotated
along z [from numerical simulations, we can factor out
the spatial dependences as θðx; y; zÞ ¼ HðzÞΓðx; yÞ, with
Hðzþ ΛÞ ¼ HðzÞ], the PBP accumulates in propagation,
and an effective photonic potential Vðx; yÞ ¼
−½ð2πmjη1jÞ=ΛΓðx; yÞ emerges, where jη1j is the ampli-
tude of the fundamental harmonic of θ and m is the beam
helicity with respect to the propagation direction [28].
For plane waves and in the absence of back-reflection,
the solution of Eq. (1) can be found by using the
Jones’s formalism. Let us make the ansatz θðx; y; zÞ ¼
Γðx; yÞ sin½ð2πzÞ=Λ, in agreement with the periodic varia-
tion of polarization in an anisotropic medium. Figure 1(d)
shows, on the Poincare´ sphere, the polarization evolution
from z ¼ 0 to z ¼ Λ for RCP at the input. For small
amplitudes Γ, the polarization path is very similar to the
meridian S1 ¼ 0. When the reorientation increases (i.e.,
larger input power P), the path undergoes strong modifi-
cations, and the Stokes parameter S1 differs significantly
from zero.
Equation (1) must be solved in conjunction with the
reorientational equation, the latter stating the balancing
between the elastic (stemming from intermolecular inter-
actions) and the optical torque [48]. In the static (∂tθ ¼ 0)
regime, we get
1
γ
∇2θþ2Z0
n¯
Iðx;y;zÞ½sinð2θÞs1ðx;y;zÞ
þ cosð2θÞs2ðx;y;zÞ ¼ 0; ð2Þ
where we have defined the light-matter coupling constant
γ ¼ ½ðϵ0ϵaÞ=ð4KÞ, with K being Frank’s elastic constant
[48]. According to Eq. (2), the nonlinear response of the
system is nonlocal; that is, θ changes even in regions where
the intensity vanishes [33,36,50]. Differently from most of
the nonlocal nonlinear media, Eq. (2) shows that in LCs the
relationship between the field intensity I and the nonlinear
director rotation θ is nonlinear. As a direct consequence, the
FIG. 1. Schematic of light propagation through a homeotropically aligned LC material. (a) Diffraction of a low-power Gaussian beam
propagating through the LC medium. (b) Confinement of a high-power Gaussian beam due to the periodic modulation of the LC
molecule. The inset shows the angle θ, which is equal to zero when the optical axis is parallel to the axis y. The modulation period is
λ=Δn. (c) In each period, the polarization evolves as in a wave plate: The Stokes parameter S3 (yellow surface) varies from RCP (input)
to LCP [λ=ð2ΔnÞ] and then back to RCP at the output. (d) Visualization on the Poincare´ sphere of the polarization dynamics of plane
waves in one birefringent length. The angle of the optical axis θ is supposed to be sinusoidal along the propagation direction. The
different lines correspond to a maximum rotation angle θmax of 5°, 15°, and 45°, respectively (the loop is almost closed for the lowest
angles, but it opens up as the angle is increased). (e) Distribution of the rotation θ (in degrees) on the plane xz and (f) the corresponding
cross section (solid blue line) versus x, taken in the section where the rotation angle is maximum; the input parameters are w ¼ 2 μm,
and the power density is 2 × 103 Wm−1. The dashed line corresponds to the intensity profile I, whereas the green solid curve is the
normalized to one light-induced rotation for a uniform (both intensity and polarization) excitation along z, i.e., for the case of
localization based on the dynamic phase. Here, λ ¼ 1064 nm, nk ¼ 1.7, and n⊥ ¼ 1.5.
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solution of Eq. (2) strongly depends on the input polari-
zation through the Stokes parameters [51]. For example,
if the light polarization is normal to the director at rest,
linearly polarized inputs move the director only when
the impinging power overcomes the Fre´edericksz
threshold [48]. A typical solution of Eq. (2) in ð1þ 1ÞD
is shown in Fig. 1(e), where we suppose a diffraction-less
beam with polarization varying as s3 ¼ cosf½ð2πÞ=Λzg
and s2 ¼ sinf½ð2πÞ=Λzg. As anticipated in our preliminary
discussion, the rotation angle θ follows s2; that is, mole-
cules are periodically rotated by the optical field.
Figure 1(f) compares the cross section of θ (blue solid
lines) with respect to the optical intensity I (orange dashed
lines). The degree of nonlocality is very small with respect
to standard reorientational solitons in NLCs, where the
nonlocality is fixed by the size of the sample (green solid
line) [36,39]. The difference is easily explained by noticing
that, for small θ, Eq. (2) is analogous to a Poisson’s
equation ruling electrostatics [39]. As a matter of fact, the
periodic forcing term (proportional to S2) corresponds to a
vanishing overall charge; thus, the long-range field along
the transverse direction must vanish.
B. Numerical simulations
We run numerical simulations in ð1þ 1ÞD of the system
composed by Eqs. (1) and (2) to verify our basic idea (see
the Appendix B for the technical details). The intensity and
the corresponding Stokes parameter distribution are plotted
in Figs. 2(a)–2(d). As predicted, for large enough powers
(in the plotted case, the effective power is P ¼ 8 mW; see
Appendix B for the definition of P), the optical beam
rotates the molecules in a periodic fashion [Fig. 2(e)],
inducing a strong optical self-focusing due to the accu-
mulation of the geometric phase in propagation. The
extension across x of the optical perturbation is of a few
microns, in accordance with Figs. 1(e) and 1(f). The larger
the input power, the stronger the self-focusing, as shown by
the trend of the beam width w versus the propagation
distance z and the optical power P plotted in Fig. 2(f).
FIG. 2. Numerical simulations for a Gaussian beam of input width win ¼ 4 μm. (a) Evolution of a high-power (P ¼ 8 mW) Gaussian
beam propagating through a homeotropically aligned NLC cell. The red solid lines show the linear diffraction. (b)–(d) Polarization
evolution of the beam, both in the transverse and longitudinal direction, shown in terms of the normalized Stokes parameters s1, s2, and
s3. (e) Corresponding light-induced periodic rotation of the optical axis resulting in the confinement of the beam. (f) Evolution of the
width of the beam with decreasing power (bottom to top curve). The topmost curve shows the linear diffraction. (g) Mapping on the
Poincare´ sphere of the dynamics along z of the polarization state measured at the center of the Gaussian beam. The blue (red) color
corresponds to small (large) propagation distance z (check the color bar below the Poincare´ sphere for the chromatic gauge). Here, the
input polarization is RCP, λ ¼ 1064 nm, nk ¼ 1.7, and n⊥ ¼ 1.5.
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Figure 2(g) maps, on the Poincare´ sphere, the polarization
in x ¼ 0 as it evolves along z, including the whole interval
from z ¼ 0 to z ¼ 1 mm, with each color corresponding to
a different propagation distance z. In agreement with the
plane-wave model plotted in Fig. 1(d), the Stokes param-
eter s1 is negligible due to the smallness of θ. But as the
light propagates inside the nonlinear medium, a more
complicated polarization state emerges, the latter showing
features beyond the plane-wave model: Despite the small-
ness of the rotation angle θ, the motion on the Poincare´
sphere corresponds to a constant increase in s1, whereas the
other two Stokes parameters s2 and s3 trace periodic orbits
on the sphere. The dynamics versus z for z < 100 μm of
the Stokes parameters sampled in the beam center is plotted
in Fig. 3(a). Figure 3(b) shows the transverse distribution
(i.e., in the plane normal to z) of the three Stokes
parameters. Because of the complicated interaction
between light and matter, the polarization of the nonlinear
waves changes significantly along the beam cross section:
This change demonstrates that the formation of a so-called
structured beam [52] is required for self-trapping to occur.
The emergence of structured beams (i.e., polarization
varying along both x and z) in the nonlinear regime is
predicted by the plane-wave model as well: In fact, in
anisotropic materials that are transversely homogeneous
but subject to periodic rotation along the longitudinal
direction, a nonvanishing s1 features the plane-wave
quasieigenstates of the system [see Fig. 1(d)]. Physically
speaking, there is a nonlinear exchange of angular momen-
tum between matter and light [51], the latter counteracting
the natural diffraction-induced spreading of light owing to
the strong spin-orbit coupling of the system [16,23].
IV. EXPERIMENTS
A. Single beam at normal incidence
In order to verify our theoretical predictions, we coupled
a circularly polarized fundamental Gaussian beam at λ ¼
1064 nm inside a NLC planar cell of thickness 75 μm
along y, and much larger sizes along x and z. To achieve the
vertical alignment shown in Fig. 1(a), we took a cell with
the director initially aligned along the z direction and
then applied a sinusoidal voltage of amplitude 9 V (see
Appendix C). This choice was made to minimize the
presence of (technologically unavoidable) defects in the
molecular alignment, which could inhibit the observation
of the PBP-induced light trapping due to the smallness of
the required rotation angle, the latter being on the order of a
few degrees [see Fig. 2(e)]. In fact, owing to the saturation
in the reorientational equation, potential inhomogeneities
present in the rubbing distribution (corresponding to a
point-dependent boundary condition for the angle θ when
solving the reorientational equation) are washed out by the
application of a large enough voltage [53].
The intensity distribution on the plane xz can be directly
visualized by collecting the scattered light with a custom-
ized microscope, the minimum available resolution in our
case being fixed by the diffusion of photons in liquid
crystals. Results are plotted in Figs. 4(a) and 4(b). For low
power, the beam diffracts linearly. As the power is
increased (P ¼ 10 mW), self-focusing is observed, the
latter manifesting as a weaker light spreading. At higher
powers, diffraction is compensated, and a self-collimated
beam is excited inside the sample. The behavior of the
beam width versus z [Fig. 4(c)] is in agreement with the
simulations reported in Fig. 2(f). Discrepancies at short
propagation distances are ascribed to diffusive photons
emitted in correspondence to the input interface. The
intensity cross sections encompass exponential tails,
the latter increasing in magnitude with z [Fig. 4(d)].
Such exponential tails are related to the intrinsic time-
dependent disorder of NLCs (see Appendix E). The light
self-trapping is evident by comparing the observed propa-
gation with respect to the linear case. The reorientational
origin of the phenomena is also proved by the dependence
of self-focusing on the direction angle of the linear input
polarization: In fact, the maximum self-focusing effect is
achieved for input polarizations around the diagonal
directions [53].
Generally speaking, a rotation of the director can be
associated with both the dynamic [36] and the geometric
phase. In the ideal case of a wave vector (taken parallel to zˆ)
normal to the director and the latter perfectly aligned along
y inside the sample, light is subject solely to gradients in the
geometric phase, given that the director can rotate only on
the plane xy [28]. Let us discuss the accuracy of this
assumption in our experiments. Two main issues can
invalidate our hypothesis: misalignment of the director
and tilt of the wave vector with respect to the ideal z
direction. With respect to the former, the applied bias
induces the director to form an angle of 89.9° with respect
to the plane xz, corresponding to a maximum refractive
index jump of approximately 6 × 10−7 for rotation in the yz
plane, as in standard solitons in a biased cell [36]. This
FIG. 3. Polarization structuring of Pancharatnam-Berry soli-
tons. (a) Stokes parameters s1, s2, and s3 versus the propagation
distance z in the beam center x ¼ 0. The evolution in the first
100 μm in a 1-mm-long cell is plotted. (b) The corresponding
transverse distribution of the four Stokes parameters versus x
computed in z ¼ 0.5 mm. Here, P ¼ 8 mW.
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refractive index gradient corresponds to a nonlinear mode
approximately 3 mm wide, thus not significantly affecting
the observed self-confinement (see Appendix C for further
details). Let us now discuss possible tilts in the input wave
vector. Significant tilts with respect to the yz plane can be
excluded: We are able to see the light throughout the
sample of length 2 cm (self-trapping after a given distance
is lost due to the scattering losses), the latter implying a
vertical angular accuracy of about 0.1° given the thickness
of the cell. With respect to the xz plane, an accuracy of
about 0.2° was achieved by overlapping the trajectories of
the extraordinary and of the ordinary beam in the linear
regime over a length of about 1 mm. Summarizing, for the
angle between the wave vector and the director, the wave-
front tilt induces an error with respect to the ideal case of
90° comparable to our accuracy in the alignment of the
optical axis nˆ itself. Accordingly, the magnitude order of
the overall error in the measured nonlinear changes in the
refractive index is 10−7; hence, it does not significantly
affect the observed self-trapping.
On the other hand, we can also rule out any significant
contribution from the thermo-optical effect to the self-
trapping. For horizontal (polarization along x, corresponding
to the ordinarywave) and for vertical (polarization parallel to
yˆ, thus exciting the extraordinary component into the NLC
bulk) linear polarizations, in our configuration the thermal
nonlinearity induces a focusing and a defocusing effect,
respectively [54], with the defocusing effect being about 2
times stronger than the focusing one. In the presence of a
circularly polarized input, we thus expect a net defocusing
effect, which means that the thermo-optical effect is hinder-
ing the self-trapping. Experimentally speaking, in the
Supplemental Material, we show that no appreciable defo-
cusing effect is observed for input linear beams polarized
along y [53].
B. Single beam at oblique incidence
To confirm the geometric phase origin of the observed
self-confinement, we experimentally investigated light
propagation when the input wave vector is tilted by 4°
on the xz plane with respect to the normal at the input
interface. Because of the birefringence of the NLC, the
ordinary and the extraordinary beams propagate along
different trajectories in the linear regime, i.e., at low power.
Figure 5 shows the observed intensity distribution inside
FIG. 4. Experimental evidence of light self-localization. (a) Light distribution on the plane xz for P ¼ 2 mW (linear diffraction),
10 mW (mild self-focusing), and 40 mW (self-trapping). (b) Collection of the beam cross sections at z ¼ 900 μm for several input
powers. The black solid and blue dashed lines are the acquired profile and the corresponding best-fitting Gaussian function, respectively.
(c) Beam width versus z for the set of powers shown in (b). (d) Light evolution when P ¼ 30 mW, the latter corresponding to the best
confinement [see panel (c)]. The propagation is shown for over 2.5 mm by collaging three different pictures. The dashed lines are the
beam width for Gaussian beams with waists of 2 μm (white lines) and 10 μm (black lines). The red solid line is the behavior of the
intensity peak versus z. The green solid (magenta dashed) line is the best fit to the final beam cross section, accounting for (disregarding)
the photon diffusion. The wavelength is λ ¼ 1064 nm, and the input waist is 2 μm, placed in z ¼ 0.
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the sample for three different linear polarizations when the
input power is fixed at 50 mW. When the input is vertical
[polarization along y, plotted in Fig. 5(a)], no appreciable
nonlinear effects are observed, given that only an extraor-
dinary component parallel to the director nˆ is excited in the
NLC, resulting in a vanishing optical torque applied to the
molecules. When the polarization is horizontal [polariza-
tion along x, plotted in Fig. 5(c)], only the ordinary
component is propagating inside the sample in the linear
regime. When the input power is increased, because of the
oblique incidence, the horizontal input causes a light-driven
local mixing of ordinary and extraordinary components at
the input interface, in turn resulting in a strong defocusing
effect generated at the input interface [53] itself. Hence,
in this configuration, the thermal focusing is negligible,
analogously to the normal incidence case discussed in
Sec. IVA [54]. Conversely, for diagonal polarizations
[Fig. 5(b)], the joint action of the two components yields
a substantial molecular rotation in the xy plane, in turn
generating a PBP gradient capable of spatially locking the
two components and generating a vector self-trapped beam
via the spin-orbit coupling. On the one hand, the depend-
ence on the input polarization and the necessity for the
simultaneous presence of both the linear components at
the input confirms the reorientational origin of the self-
trapping, governed by Eq. (2) and thus strongly nonlinear
with respect to all four Stokes parameters of the input
beam. On the other hand, the available variation in the
dynamic phase is much bigger (approximately 4 orders of
magnitude) than for normal incidence: Nevertheless, no
appreciable self-focusing is observed for vertical inputs,
the latter corresponding to the maximum light-induced
refractive index gradient. At the same time, for diagonal
inputs, we observe that all the light (including the ordinary
component) is self-trapped, a phenomenon that cannot be
explained by refractive index gradients given that the
ordinary refractive index n⊥ is invariant with respect to
any rotation of the optical axis. Finally, a lower confine-
ment is observed for circular polarization due to the
depolarizing effect coming from the region adjacent to
the input interface [53].
C. Interaction between two beams
To provide further proof of the PBP origin of the self-
confinement, we finally investigated the interaction
between two beams encompassing an opposite helicity.
When the helicity of the input beam is switched, the
periodic perturbation of the director is shifted by a half-
period, resulting in a photonic potential inverted in sign
(see Appendix A). The interaction between the two beams
is then repulsive, analogously to two electric charges of
opposite sign [39]. Numerical results shown in Fig. 6
confirm this behavior: The two beams repel reciprocally:
the closer the beams, the stronger the repulsion is. It is well
known that, in the presence of a coherent nonlinear
mechanism, the interaction between spatial solitons can
be changed from attractive to repulsive by changing the
relative phase [35]. Nonetheless, reorientational nonlinear-
ity in NLC is incoherent (i.e., depends on the beam
intensity) and, in the dynamic case, is characterized by a
FIG. 5. Light behavior for tilted input. Light propagation when
the input beam is tilted by approximately 4° with respect to the
normal at the input interface and is linearly polarized (a) parallel
to axis y, (b) at 45°, and (c) parallel to the axis x. The top panels
report the intensity cross section at z ¼ 960 μm (solid blue line),
whereas the dashed red line is the best fit accounting for light
diffusion (see Appendix E), providing a width of 20 μm to be
compared with the value of approximately 50 μmmeasured in the
linear case. The solid white line in (a) and (c) is the trajectory
corresponding to the self-trapped beam plotted in (b). The input
power is 50 mW, and the input waist is 4 μm.
FIG. 6. Simulations of the two-beam interaction. Overall
intensity distribution calculated on the plane xz when the initial
distance is (a) 4 μm, (b) 10 μm, (c) 20 μm, and (d) 40 μm. The
two beams are both circularly polarized but with inverted spin.
The input waist is 4 μm, the wavelength is 1064 nm, the cell
length along z is 1 mm, and the input power is P ¼ 8 mW on
each beam.
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large degree of spatial nonlocality [36,55], ruling out this
possibility. The absence of dependence on the relative
phase was confirmed in our experiments, where we
observed that the sign of the attraction was independent
from the difference in the optical path between the two
beams before entering the cell.
Numerical simulations show another peculiar feature
of PBP-based solitons: The interaction length between
solitons is short range (less than 20 μm), in agreement
with the transverse extension of the optically induced
perturbation in the director plotted in Figs. 1(e) and 1(f).
This behavior, strikingly different from standard
solitons in NLC [36,56], can be intuitively understood
by considering the reorientation equation (2). In fact,
such an equation for small rotation angle θ can be
recast as
∇2θ þ 2γZ0
n¯
Iðx; y; zÞs2ðx; y; zÞ ¼ 0; ð3Þ
which is mathematically analogous to the Poisson
equation [39,57] providing the electrostatic potential
(in our analogy, the angle θ) once the distribution of
electric charges is known (in our case, the Stokes
parameter S2 ¼ Is2). Effectively, we have a distribution
of charges localized around the beam axis. Thus, the
angle θ for transverse positions (x, y) away from the
beam will be vanishing only if the average value of S2
is null; i.e., S2 needs to be periodic or quasiperiodic,
in agreement with Fig. 1(e). To summarize, the
short-distance interaction is a direct proof of the
z-periodic rotation of the optical axis induced by light.
Experimentally, we split the input beam into two
halves via a Mach-Zehnder interferometer. The setup is
designed to ensure opposite helicities for the two beams
impinging on the sample (see Appendix D). The inter-
action is investigated for different positions and propa-
gation angles of one of the beams; the corresponding
results are shown in Fig. 7. When the relative distance is
40 μm [Fig. 7(a)], no interaction is observed. When the
initial distance is 20 μm [Fig. 7(b)], a tiny shift of 2 μm
(corresponding to the pixel size in our visualization
system) is observed on the upper beam (i.e., the beam
placed in x > 0). The lack of a significant interaction is
in agreement with the weak nonlocality associated with
Eq. (3). When the tails of the two fields touch each other
at the input [Fig. 7(c)], the distance between the two
beams increases with the propagation distance, demon-
strating that a net repulsion is at work. Owing to the lack
of significant interaction after the overlapping region, the
two beams propagate along straight lines conserving the
self-confinement, in agreement with Fig. 6(a). Figure 7(d)
finally shows the interaction when one of the beams is
tilted with respect to the reference beam. After the crossing
point, the relative distance between the two beams slightly
diminishes due to the interaction. The interaction also
affects the self-trapping, with a small widening of the
self-trapped waves.
To test our idea, we repeated the two-beam experiment
shown in Fig. 7 at the same point and input conditions
(only the input powers are changed, see below), but we
applied a lower voltage to the cell [36,55,56]. The angle
between the director and the vertical component of the
optical electric field now differs significantly from zero,
FIG. 7. Two-beam interaction with only the geometric phase.
(a)–(c) Interaction of two parallel optical beams separated by a
distance of (a) 40 μm, (b) 20 μm, and (c) 0 μm. In (d) the upper
beam is tilted in order to achieve an X-junction configuration.
The first column illustrates the intensity distribution on the
observation plane xz, whereas the second column reports the
intensity cross section at z ¼ 960 μm when the two beams are
launched together (orange dashed lines) or when only the upper
or the lower beam is launched alone (dot-dashed yellow and blue
solid lines, respectively). In the right column, x0 is the position of
the lower beam when propagating alone. The input waist is 4 μm,
whereas the input powers are 50 mW for the top beam and
40 mW for the bottom beam.
FIG. 8. Two-beam interaction in the presence of both the
geometric and the dynamic phase. The input beams are the same
as those launched in Fig. 7, but now a lower voltage of 2 V is
applied to the sample [(a)–(c)]. The input powers are now (a) 5
and 4 mW, (b) 4 and 3 mW, (c) 8 and 7 mW, and (d) 7 and 6 mW.
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leading to a rotation of the optical axis on the yz plane
[36,45], the latter corresponding to a refractive index
gradient. In other words, the nonlinear propagation is now
determined by the interplay between the dynamic and the
geometric phase. Results are reported in Fig. 8. The
voltage is chosen low enough to ensure a dominance of
the dynamic over the geometric phase. The input power
required for self-trapping is much lower than for the PBP
case (about 10 times smaller). In agreement with the
highly nonlocal response in space [36,55], the beams
attract each other, even when the distance is 40 μm [see
Figs. 8(a) and 8(b)]. When the two beams are launched in
the same position, they merge into a single beam [see
Fig. 8(c)]. Finally, in the X-junction configuration shown
in Fig. 8(d), the distance between the two beams increases;
that is, the behavior is opposite with respect to the PBP
case shown in Fig. 7(d). This dynamics confirms that the
sign of the interaction between self-trapped beams based
upon the geometric and the dynamic phase in NLC is the
opposite.
V. CONCLUSIONS AND FUTURE PERSPECTIVES
In conclusion, we demonstrated the self-focusing
and self-confinement of electromagnetic waves via the
Pancharatnam-Berry phase. The fundamental mechanism
is based upon spin-orbit interaction and thus strictly con-
nected to gauge fields [58]. The nonlinear waves studied
here do not carry orbital angular momentum; however,
because of the nonlinear spin-orbit interaction, we envisage
the existence of a larger family of self-trapped fields
encompassing a power-dependent exchange of spin and
orbital angularmomentum [59]. Future advancements of our
work also include the investigation of the connection with
waveguiding based upon inhomogeneous gauge fields,
theoretically proposed in Ref. [60] and recently demon-
strated in a waveguide array [61]. On the experimental
side, we envisage the observability of PBP-based optical
self-trapping in solutions filled up with anisotropic
dopants, prealigned by the application of external symmetry-
breaking stimuli [41,62–64]. Another interesting generali-
zation of our work is to add the temporal degree of freedom
by using a modulated CW or pulsed laser [65]. Similar
phenomena are also expected to occur in other systems, such
as Bose-Einstein condensates or beams of charged particles
under the action of a magnetic field, real or effective. With
respect to basic physics, our work confirms the relevancy of
liquid crystals as a platform for the investigation of angular-
momentum exchange between light and matter in the non-
linear regime [66,67], including spin-to-orbital conversion
and the generation of self-trapped structured beams. The self-
localization provides a novel platform to create reconfig-
urable all-optical devices like directional couplers, beam
splitters, beam combiners, and so on, based on the
Pancharatnam-Berry phase and in the absence of refractive
index modulation. On the technological side, we also
envisage the application of these results to the generation
of permanent Pancharatnam-Berry waveguides after polym-
erization of the liquid crystal.
ACKNOWLEDGMENTS
We thank Frederik Van Acker for his help in the
laboratory and Dr. Raouf Barboza for critical reading
of the manuscript. A. A. is supported by Deutsche For-
schungsgemeinschaft (DFG) via the International Research
Training Group GRK 2101.
C. P. J. and A. A. contributed equally to this work.
APPENDIX A: LIGHT PROPAGATION IN A
TWISTED LIQUID CRYSTAL
At optical frequencies, NLCs are nonmagnetic inhomo-
geneous uniaxial crystals, with the optical axis correspond-
ing to the symmetry axis, named the director nˆðrÞ. For fixed
external excitations and given boundary conditions, the
spatial distribution of nˆ in the stationary regime is deter-
mined by the balance between all the torques acting on the
molecules [48]. The equilibrium is achieved when the
elastic torque balances out the optical one, where the elastic
and the optical torques correspond to the first term (∝ ∇2θ)
and the second term (∝ I) in Eq. (2), respectively. Once the
director distribution is known, the optical properties are
then determined by the director orientation and by the
dielectric eigenvalues ϵ⊥ and ϵk, the latter being valid for
electric fields oscillating normal and parallel to the optical
axis, respectively. In fact, the dielectric tensor ϵ is given by
ϵij ¼ ϵ⊥ þ ϵaninjδij, where ϵa ¼ ϵk − ϵ⊥ is the optical
anisotropy. In our theoretical discussion, we consider that
the boundary conditions at the cell edges induce a homeo-
tropic alignment of the molecules along the y axis all
around the sample [see Fig. 1(a)].
We consider optical beams impinging normally to the
cell, thus having a wave vector parallel to zˆ. In the paraxial
limit, the electromagnetic field lies in the xy plane. When
illuminated, the NLC molecules can rotate only in the
xy plane due to the paraxial nature of the field. Thus,
the optical properties are fully determined by the rotation
angle θ with respect to the rotation axis z. In the stationary
regime (electromagnetic field ∝ e−iωt, wavelength λ, and
wave number k0 ¼ 2π=λ), evolution along z of the electric
field E ¼ Exxˆþ Eyyˆ is ruled by [68]
∇2
k20
þ ϵ⊥I

Ex
Ey

þ ϵa
 
sin2θ − sin2θ
2
− sin2θ
2
cos2θ
!
Ex
Ey

¼ 0:
ðA1Þ
Noticeably, there is no transverse refractive index gradient
acting on the beam but only a point-dependent transfer of
energy from the x to the y component, i.e., polarization
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variation, driven by the last term in Eq. (A1) [28].
Rewriting Eq. (A1) in the CP basis, it is straightforward
to get Eq. (1) of the main text.
After application of the paraxial approximation [68]
and setting ECP ¼ Aeik0n¯z, Eq. (1) in the main text can be
recast as ið∂A=∂zÞ¼−½1=ð2n¯k0Þ ð∂2A=∂x2þ∂2A=∂y2Þþ
Vðx;yÞA. The effective photonic potential is Vðx; yÞ ¼
−ð2πmjη1j=Λ Þ Γðx; yÞ þ ½1=ð4n¯k0Þ½ð2π=ΛÞ2Γ2ðx; yÞþ
ð∂Γ=∂xÞ2 þ ð∂Γ=∂yÞ2, where m ¼ 1 according to the
helicity of the input beam (in our convention, m ¼ 1
corresponds to RCP waves) [28]. For maximum rotation
angles lower than 45° and beam width larger than the
wavelength, and for sinusoidal modulations along z, the
photonic potential can be approximated as [28]
Vðx; yÞ ≈ −mπ
Λ
Γðx; yÞ: ðA2Þ
In the nonlinear case analyzed here, the shape of Γ is
dictated by the optical beam itself via the reorientation
equation (2).
APPENDIX B: NUMERICAL SIMULATIONS
We simulated the system composed of Eqs. (1) and (2) in
the ð1þ 1ÞD limit by setting ∂y ¼ 0. In the ð1þ 1ÞD
model, the initial input field is defined as EinðxÞ ¼ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
½ð4Z0PÞ=ðπn¯w2inÞ
p
, the latter equation thus defining the
effective power P employed in the numerical simulations.
As a rule of thumb, the effective power P is 4–10 times
smaller than the real power P in the full 3D case [57]. The
electromagnetic equations are solved in the paraxial
approximation by using a standard beam propagation
method (BPM) encoding operator splitting and Crank-
Nicolson algorithm for the diffraction operator. In solving
the optical problem, we neglected the losses due to the NLC
elastic scattering [69]. In all the simulations, we considered
the NLC E7 and, accordingly, we used the parameters
n⊥ ¼ 1.5, nk ¼ 1.7, andK ¼ 12 × 10−12 N, corresponding
to NIR radiation at room temperature. The reorientation
equation is solved by a Gauss-Seidel algorithm. The two
equations are solved jointly via an iterative procedure. First,
the optical field is computed with the vectorial BPM for a
fixed molecular distribution. The electromagnetic field is
then used to compute the new director profile by means
of the reorientational equation. The cycle is repeated until
convergence is achieved.
Our numerical simulations account for the longitudinal
nonlocality of the NLC, given that, in Eq. (2), the second
derivative along the propagation direction z is retained.
If the term ∂2zθ is neglected, the director distribution would
be shaped as in the standard case [see the green curve
in Fig. 1(f)]. This result is in clear disagreement with the
two-beam experiments (Fig. 7), where interaction is
observed only for quasi-overlapping beams (see Fig. 8).
We finally note that convergence is not achieved for
powers beyond a given threshold (Pth ¼ 12 mW for 1-mm-
long samples and input waist of 4 μm), the latter depending
on the input parameters, cell size, and NLC properties (see
Ref. [53]). Physically, this corresponds to the lack of a
stable static state and the appearance of periodic or chaotic
oscillations in the NLC, a phenomenon also observed for
plane-wave excitations [51]. Accordingly, in the experi-
ments for large powers, a quasiperiodic oscillation between
two states with different beam widths but the same
trajectory [69,70] is observed [53].
APPENDIX C: SAMPLE PREPARATION
AND CONFIGURATION
Two float glass substrates (Delta Technologies, CG-
90IN) with 1.1-mm thickness are coated with a planar
alignment layer (Nylon 6,6) and are consequently rubbed
with a velvet cloth to ensure a certain orientation (in our
case, parallel to the axis z) of the LC at the boundary. On
the two glasses, an indium tin oxide layer is deposited to
permit the application of a voltage to reorient the LC
molecules (see Fig. 9). The two substrates are glued
together by depositing a glue pattern onto one of the
substrates. Antiparallel alignment is used. Spherical spacer
balls (with thickness Ly ¼ 75 μm) are dispersed in the glue
before applying the glue onto the substrate. The two
substrates are assembled together, and the glue is con-
sequently cured using UV light.
A third glass substrate with 100-μm thickness is coated
with a homeotropic alignment layer (SE-1211). This
substrate is fixed perpendicularly onto the sides of the
two assembled substrates using the same UV-curable glues
(with spacers of 10 μm). All the remaining edges of the
assembled device are carefully closed using UV-curable
FIG. 9. Effects of the bias on molecular orientation. Qualitative
distribution of the optical director when (a) no bias is applied and
when a sinusoidal voltage of amplitude (b) 2 V and (c) 9 V is
applied. In panel (b), the dynamic contribution to the phase delay
is dominant over the geometric one (see the experiments shown in
Fig. 8). In panel (c), the geometric phase is instead dominant, and
the dynamic part is negligibly small (see all the other experiments
shown in the paper). The red transparent rectangle shows the zone
where the optical beam is propagating. The input interface is not
shown, for simplicity, and the plot is not to scale.
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glue. Only two holes are left open through which the liquid
crystal (E7, Merck) is filled in by using capillarity. These
openings are also finally closed using a drop of two-
component epoxy glue.
To induce vertical orientation of the director in the cell
bulk, a sinusoidal voltage at 9 V (peak value, frequency
1 kHz) is applied to the cell (see Fig. 9). Note that the
quasistatic field induces a director rotation in the yz plane;
accordingly, we introduce the angle φ between the director
and the propagation axis z. The reorientation angle in the
absence of light illumination can be computed exactly by
jointly solving the LC reorientational equations and the
Poisson equation for the quasistatic electric field. For
symmetry reasons, the maximum is placed in the cell
midplane with respect to the vertical axis y. For the given
bias, a maximum rotation angle φm ¼ 89.9° is found (the
governing equations and related numerical computations
are reported in the Supplemental Material [53]). To
determine the role played by the dynamic phase in our
experiments, we need to assess the maximum jump in the
extraordinary refractive index [defined, in this case, by
ne ¼ f½ðcos2φÞ=ϵ⊥ þ ½ðsin2φÞ=ϵkg−1=2 ] available in the
case of light-induced changes in the angle φ [36]. To do
this, we need to compute the difference between neðφ ¼
π=2Þ ¼ nk and neðφmÞ. Such a difference, in our case, is
approximately 6 × 10−7, which is clearly negligible. In fact,
in the case of an index well of size 75 μm, the correspond-
ing nonlinear mode would be approximately 3 mm wide,
much larger than what we observed in the experiments.
Finally, as shown in the Supplemental Material [53], the
rotation angle φ along y (in the x direction, the director is
homogeneously distributed) is uniform in an interval of
20 μm around the center of the cell (within an accuracy
of 1°).
APPENDIX D: EXPERIMENTAL SETUP
In the experiments, we employed a CW laser emitting a
TEM00 beam at 1064 nm with a coherence length of 4 mm.
TheM2 factor of the beam is about 1.2. The laser radiation is
coupled into the NLC planar cell by using a 10Xmicroscope
objective (MO) (providing a waist of about 4 μm) or,
alternatively, with an aspheric lens (Thorlabs A240-TM,
providing a waist of about 2 μm). In the figures shown in the
main text, the beam waist is placed at the input interface to
facilitate the observation of self-focusing and self-trapping
(experimental results for the focal point placed into the cell
are shown in the Supplemental Material [53]).
A sketch of the setup is shown in Fig. 10. In the case of
single beam excitation, mirrors M3 and M4 are removed,
and a photodetector measuring the beam power is added.
The second polarizing beam splitter (PBS) is removed as
well. The amount of power coupled to the sample is varied
by rotating the first half-wave plate (HWP). The second
PBS is selecting the horizontal polarization, which is then
modified by the HWP (linear input polarization) or the
quarter-wave plate (QWP).
For the two-beam experiment, the initial HWP is fixed to
ensure a 50=50 power ratio at the first PBS. Mirrors M3
and M4 are used to recombine the two arms at the second
PBS, identical to the first PBS. MirrorM4 is mounted on a
manual translational stage to shift the beam at the entrance
of the coupling element. This shift also induces an angular
deflection with respect to the original beam, the latter being
compensated by a rotation of the mirrorM4. The two beams
are then recombined by using a second identical PBS.
Because of the PBS, one beam is vertically polarized,
whereas the second beam is horizontally polarized. When a
QWP is placed after the second PBS, two circularly
polarized beams of opposite helicities are injected into
the sample. Finally, the light distribution over the xz plane
inside the NLC can be visualized by collecting the light
scattered by the sample along the y direction with a 2X
microscope objective [36].
APPENDIX E: CHARACTERIZATION OF THE
BEAM PROPERTIES INSIDE THE NLC SAMPLE
The experimental profiles plotted in the main text are
averaged over 100 samples to smooth out the time-
dependent noise arising from the NLC scattering [69].
The averaged intensity distribution is then filtered with a
Gaussian filter. The local beam width and position are
found by a best-fitting procedure. In this paper, we chose
two types of functions: a Gaussian (in the form IG ¼
I0e−2ðx−x¯Þ
2=w2) and its convolution with a double exponen-
tial function [i.e., a Laplace distribution RðxÞ ¼ R0e−jxj=l].
The convolution FðxÞ ¼ IGðxÞ  RðxÞ can be expressed in
closed form as
FðxÞ ¼
ﬃﬃﬃ
π
2
r
I0R0w
2
e½w2=ð8l2Þ

e−ðx=lÞerfc
 ﬃﬃﬃ
2
p
w

w2
4l
− x

þ eðx=lÞerfc
 ﬃﬃﬃ
2
p
w

xþ w
2
4l

: ðE1Þ
For the Gaussian case, the two varying parameters are
the beam position x¯ and the beam width w. When the
FIG. 10. Sketch of the setup.
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convolution is employed, the overall fitting function is
IGðxÞ þ FðxÞ. In the latter case, there are three additional
free parameters: the maximum intensity I0 of the unscat-
tered field, the diffusion length l, and the scattering
intensity R0. The function F is chosen to account for the
multiple scattering occurring in NLC, the latter being
responsible for the emergence of exponential tails as
finite-size beams propagate inside the material (see
Ref. [70] and citations therein). We note that the strong
light diffusion, typical of highly scattering materials [64],
hinders the direct observation via standard microscopy
techniques of the periodic rotation of the molecules inside
the material. In fact, the photon diffusion implies a blurring
function in the large cell (i.e., thickness along y of several
tens of micrometers) wider than the period λ=Δn.
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